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Beringian climate and environmental history are poorly characterized at its easternmost edge. Lake sedi-
ments from the northern Yukon Territory have recorded sedimentation, vegetation, summer temperature
and precipitation changes since ~16 cal ka BP. Herb-dominated tundra persisted until ~14.7 cal ka BP with
mean July air temperatures ≤5°C colder and annual precipitation 50 to 120 mm lower than today. Temper-
atures rapidly increased during the Bølling/Allerød interstadial towards modern conditions, favoring estab-
lishment of Betula-Salix shrub tundra. Pollen-inferred temperature reconstructions recorded a pronounced
Younger Dryas stadial in east Beringia with a temperature drop of ~1.5°C (~2.5 to 3.0°C below modern
conditions) and low net precipitation (90 to 170 mm) but show little evidence of an early Holocene thermal
maximum in the pollen record. Sustained low net precipitation and increased evaporation during early Holocene
warming suggest a moisture-limited spread of vegetation and an obscured summer temperature maximum.
Northern Yukon Holocene moisture availability increased in response to a retreating Laurentide Ice Sheet,
postglacial sea level rise, and decreasing summer insolation that in turn led to establishment of Alnus-Betula
shrub tundra from ~5 cal ka BP until present, and conversion of a continental climate into a coastal-maritime cli-
mate near the Beaufort Sea.
© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction
During the late Wisconsin glacial episode (28–10 cal ka BP), the
Bering land bridge connected the unglaciated parts of Alaska and
the Yukon Territory with eastern Siberia to form an extensive contin-
uous landmass known as Beringia (Hopkins, 1982). Beringian envi-
ronments are of particular interest because they served as glacial
refugia for various taxa (Hultén, 1937; Guthrie, 2001) and enabled
the migration of plants, animals, and early humans between Eurasia
and North America (Morlan and Cinq-Mars, 1982; Mason et al., 2001).
The northern Yukon was the easternmost boundary of Beringia and
in close vicinity to the Laurentide Ice Sheet (LIS). It has undergone dis-
tinct changes in climate, landscape, and ecology after the late glacial−
Holocene transition that includes the latest part of the full glacial, the
late glacial warming known as the Bølling/Allerød (B/A) interstadial,
the Younger Dryas (YD) stadial, and the early Holocene thermal maxi-
mum (HTM). Paleoenvironmental evidence for the YD is found in
terrestrial and lake sediment records (e.g., Elias, 2000; Brubaker et al.,
2001; Briner et al., 2002; Hu et al., 2002; Yu et al., 2008) as well as in
ground ice from Alaska (Meyer et al., 2010). However, the regional
paleoclimate dynamics during the late glacial–Holocene transition and
the YD in general–and in east Beringia in particular–are still not
completely understood (Hu et al., 2006; Viau et al., 2008).
Although a number of paleoenvironmental investigations have been
undertaken in eastern Beringia, hitherto only one lake sediment record
has been available from the northern Yukon that provides a continuous
record of vegetation change (Hanging Lake; Cwynar, 1982). The Hanging
Lake recordwas thought to cover a timeperiod from~33 14C ka BP to the
present (Cwynar, 1982). However, this lake record was recently revised
to infer a maximum-limiting age of ~17 cal ka BP (Kurek et al., 2009).
Even though there is a general consensus that unglaciated late gla-
cial landscapeswere a heterogeneousmosaic of vegetation communities
(Kurek et al., 2009), little is known about vegetation and temperature
dynamics northwest of the collapsing LIS close to the Arctic Ocean.
Several studies have focused onbiological proxies suchaspollen, chiron-
omids, and ostracods to reconstruct air temperatures (Bunbury and
Gajewski, 2009; Kurek et al., 2009), vegetation history (e.g., Rampton,
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1971; Cwynar, 1982; Ritchie, 1984; Cwynar and Spear, 1995; Lacourse
and Gajewski, 2000; Vermaire and Cwynar, 2010), and changes in avail-
able moisture and lake level (Pienitz et al., 2000; Kurek et al., 2009).
However, only a few studies have investigated the late Pleistocene
and Holocene sedimentation history or have taken into account
lake-basin evolution and limnogeological succession (Engstrom
et al., 2000). Nevertheless, such studies are important because the
development of lakes in easternmost Beringia in close vicinity to
the former LIS margin is still understudied, though such lakes often
contain continuous paleoenvironmental archives.
The aim of this study was, therefore, to gain a comprehensive un-
derstanding of the timing of landscape and environmental changes
in the unglaciated northern Yukon since the late Wisconsin using
lake sediments from Trout Lake to address the following speciﬁc
questions:
1. How did lake sedimentation respond to the late glacial–Holocene
climate transition in close vicinity to the collapsing LIS?
2. What were the mean July air temperatures in ice-marginal eastern
Beringia since the late glacial–Holocene transition?
3. Was there a pronounced YD stadial in east Beringia far apart from
an Atlantic and Paciﬁc inﬂuence, and if so, what were the climatic
magnitudes?
4. How did pollen-inferred moisture patterns correspond to LIS re-
treat, postglacial sea-level rise and Holocene warming?
Study site and regional setting
Trout Lake (68°49.73′N, 138°44.78′W) is located 163 m above sea
level in the foothills of the British Mountains, approximately 1 km
west of the Babbage River and about 42 km south of the Beaufort Sea
(Fig. 1a). The lake has a measured maximum water depth of 10.2 m
and is roughly rectangular with an area of 0.84 km². The catchment is
small; steep bedrock slopes rise from the lake in the south and east,
while a gently rolling plateau is situated to the north and west of the
lake where a small outlet stream and three smaller lakes are found
(Fig. 1b). Trout Lake is about 40 km north of the modern tree line
(Welsh and Rigby, 1971) within the zone of continuous permafrost.
The surrounding bedrock is dominated by Jurassic to Lower Cretaceous
shale and siltstone (Norris, 1977). The northern BritishMountains have
extensive pediments of gentle gradient (French and Harry, 1992) to-
wards the Yukon Coastal Plain (YCP) to the north. The study area lies
beyond the maximum limit of Pleistocene glaciations (Fig. 1); Hughes
(1972) and Rampton (1982) have pointed out that the last major ice
advance (Buckland glaciation of Wisconsin age) was restricted to the
YCP to the north and northeast of Trout Lake.
The modern climate of the northernmost part of the Yukon is
subarctic maritime in summer during the open-water season of the
southern Beaufort Sea, and continental in winter with pronounced anti-
cyclonic inﬂuence (Wahl et al., 1987). Themean annual air temperature
(1971–2000) is −9.9°C at Shingle Point, the closest weather station
Figure 1. (a) Location map of the western Arctic. Striated area indicates last glacial maximum (LGM) Laurentide ice limit after Dyke and Prest (1987); TL—Trout Lake, HL—Hanging
Lake, SP—Shingle Point, YCP—Yukon Coastal Plain. (b) Trout Lake study site (68°49.73′N, 138°44.78′W) and surrounding area with local drainage and hydrology. Trout Lake is
shown in close-up in Fig. 2. The background map is based on a Rapideye satellite image (red band, stretched and displayed in grayscale, 5 m resolution) overlain with the
Yukon Digital Elevation Model (30 m resolution).
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~50 km northeast of Trout Lake, with an average July maximum of
11.2°C (Environment Canada, 2000). Mean annual precipitation is
254 mm/yr and is almost equally shared between rain and snow
(Environment Canada, 2000). The modern catchment vegetation is
dominated by heath tundra and fellﬁeld communities, including boreal
taxa such as Alnus crispa, Betula glandulosa and Salix, and herbs such as
Empetrum nigrum, Vaccinium uliginosum, Vaccinium vitis-idaea, Arctous
alpina and Anemone sp. (Welsh and Rigby, 1971; Kienast, F., personal
communication, 2011).
Material and methods
Coring and on-site sampling
The selection of the coring site was based on bathymetric proﬁling
and ground penetrating radar (GPR) surveys carried out in August
2008 andApril 2009, respectively. Bathymetric proﬁlingwas undertaken
via boat in August and through drill holes in the lake ice in April. AMALÅ
GPR system with both 50 MHz and 100 MHz unshielded rough-terrain
Figure 2. (a) Photograph showing themodern lake. (b) Trout Lake bathymetry and coring location (white circle) fromApril 2009. The bathymetrymap is based on the ArcGIS TOPOGRID
module using a combination of different datasets including echosounding from boat surveys in summer, conventional depth sounding from holes drilled in the lake ice in winter, and
depths derived from ground penetrating radar (GPR) proﬁles collected on the lake ice in winter. (c) Interpreted GPR proﬁle (100 MHz) across the coring location (white bar).
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antennas (RTA) was used on the frozen lake surface to map the lake ba-
thymetry, lake-bed sediments (Fig. 2), and surrounding stratigraphy of
Trout Lake during April 2009. GPR data were processed with REFLEXW
software using direct-coupling wave horizontal ﬁltering to remove
noise. These results were used to locate a coring site with the thickest
sediment sequence. A 405 cm-long sediment core was retrieved from
the deepest part of the lake at a water depth of 8.70 m. Coring was car-
ried out from a tripod mounted on the 2-m-thick lake ice using a
UWITEC piston corer. Bedrock at the base of the sediments prevented
further penetration of the corer. Upon recovery, the overlapping sedi-
ment cores were cut into segments up to 100 cm in length, which
were stored cool (but above freezing) in dark conditions. In the labora-
tory sediment cores were split in half, photographed, and described,
and 1-cm slices were sampled at 5-cm intervals for further analyses.
For description of the recent limnology, surface and bottom-water sam-
ples were taken during both ﬁeld seasons for determination of stable
water isotopes (δ18O, δD), electrical conductivity, pH, O2, and the major
anion and cation composition.
Geochronology
Core samples were wet-sieved (>250 μm) to isolate plant macro-
fossils, which were then cleaned and hand-picked for AMS (accelerator
mass spectrometry) radiocarbon dating at the PoznanRadiocarbon Lab-
oratory (AdamMickiewicz University, Poznan, Poland). Six radiocarbon
ages obtained by AMS dating on predominantly terrestrial moss re-
mains are the basis of the core chronology (Table 1). Ageswere calibrat-
ed using “CALIB 6.0” (Stuiver and Reimer, 1993; Data set: IntCal09:
Reimer et al., 2009) and are denoted as calibrated thousand years before
present (cal ka BP). We report the median of the 2-sigma probability
distribution.
Sediment properties
The magnetic susceptibility (MS, 10−5 SI units) was measured for
facies change detection on the halved core with a multi-sensor core
logger (MSCL, GEOTEK) at 1-cm increments and is displayed using a
5-point running average. Core lithology was determined by detailed
manual core logging including descriptions of sediment texture and
structures, color, and biogenic features. The laboratory measurements
and detailed core descriptions were used to characterize sediment
units and transitions.
Freeze-drying of the samples yielded estimates of water content.
A laser particle analyzer (Coulter LS 200) was used for grain-size anal-
yses on organic-free (treatedwith 30%H2O2) subsamples of the b2-mm
fraction. Sodium pyrophosphate (decahydrate) was used as dispersant.
The remaining particles greater than 2 mm were reintegrated into
the grain-size statistics using the SediVision 2.0 software. Total carbon
(TC), total organic carbon (TOC), total nitrogen (TN), and total sulfur
(TS) contents were measured with a carbon–nitrogen–sulfur (CNS)
analyzer (Elementar Vario EL III), and are given as weight percent
(wt.%). The C/N ratio (C/S ratio) is expressed as the quotient of TOC
and TN (TS) values. Stable carbon isotope ratios (δ13C) of TOC were
measured on carbonate-free (treated with 10% HCl) samples with a
combination of a mass spectrometer (DELTAplusXL, Finnigan) and an
elemental analyzer (Carlo-Erba CN2500) at the German Research
Centre of Geosciences (GFZ) in Potsdam, Germany. The values are
expressed in delta per mil notation (δ, ‰) relative to the Vienna Pee
Dee Belemnite (VPDB) standard.
Pollen treatment and numerical methods
Preparation of the pollen samples included treatment with HCl,
KOH, HF, acetolysis, sieving, and mounting in glycerin (Faegri and
Iversen, 1989). Two tablets of Lycopodium spores were added to cal-
culate the pollen concentration. The sediment core was analyzed at
27 intervals in which at least 300 terrestrial pollen grains (excluding
spores and aquatic taxa) were counted at each level. In the basal core
sample, where pollen concentration was very low (2290 grains/cm³),
182 grains were counted. Pollen identiﬁcations were based on the rel-
evant literature (McAndrews et al., 1973; Moore et al., 1991; Beug,
2004). Pollen percentages were square-root transformed prior to all
statistical analyses, and only pollen taxa that were present with an
abundance of≥0.5% in at least three samples were included in further
analyses.
The deﬁnition of local pollen zone (PZ) boundaries within the pol-
len percentage diagram was based on a Constrained Incremental Sum
of Squares cluster analysis (CONISS) using the Edwards and Cavalli-
Sforza's chord distance measure with TILIA software (Grimm, 1991).
The number of zones was conﬁrmed by a broken stick model im-
plemented in R package ‘rioja’. The main gradients of ﬂoristic variation
were ﬁrst assessed by using detrended correspondence analysis. Be-
cause the maximum gradient length of the ﬁrst axis was 1.81 standard
deviation units, the linear ordination technique principal components
analysis (PCA) was chosen for subsequent statistical analysis (Lepš
and Šmilauer, 2003). PCA focused on inter-species distances. All multi-
variate ordinations were performed using the CANOCO 4.5 program
for Windows (ter Braak and Šmilauer, 2002).
In order to gain quantitative information about mean July air tem-
perature (TJul) and annual precipitation (Pann) in the past, pollen–
climate transfer functions were applied to the fossil pollen spectra
from Trout Lake. The modern pollen data set consists of 623 modern
surface samples that we extracted from the North American Pollen Da-
tabase (Grimm, 2000;Whitmore et al., 2005, Version 1.7, updated until
2008) including sites located north of 50°N and west of 110°W. Sites
with less than 150 terrestrial pollen grains and spores were excluded.
Modern pollen spectra cover a wide range of TJul (2.9 to 16.7°C) and
Pann (42 to1481 mm). Those eight samples that had annual precipita-
tion values >700 mm have been excluded from the development of
the transfer functions for Pann because of low coverage in the high pre-
cipitation range. Transfer functions were developed with weighted av-
eraging partial least squares (WAPLS) regression (second-component
model was chosen). Furthermore, modern analogue technique (MAT)
with squared chord-distance as similarity measure was applied; the
reconstructed TJul (Pann) represents the average of the k=4 (4) closest
analogues. That k has been chosen that in a sequence of models with
Table 1
Summary of accelerator mass spectrometer (AMS) 14C results and calibrated ages from Trout Lake, northern Yukon.
Core depth
[cm]
Material Mass
[mg C]
δ13C
[‰]
Uncalibrated 14C age
[yr BP]
Calibrated
2σ-age range
[cal yr BP]
Median
2σ-age
[cal yr BP]
Lab no.a
3 Bryum sp., Amblystegiaceae 0.63 −35.8 930±30 925–782 852 Poz-36442
66 Meesia sp., Calliergon giganteum 1.40 −35.1 5760±40 6659–6465 6561 Poz-36443
176 Warnstorﬁa exannulatus 1.72 −27.0 9550±50 11,101–10,704 10,917 Poz-36455
225 Drepanocladus sp., Scorpidium sp., Calliergon sp. 1.58 −32.9 12,770±70 15,641–14,714 15,164 Poz-36456
352 Amblystegiaceae 0.56 −35.7 12,880±80 16,093–14,980 15,397 Poz-36445
373 Undeﬁned moss fragments 0.92 −32.8 13,140±80 16,533–15,242 15,961 Poz-36458
a Poz = Poznan Radiocarbon Laboratory.
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increasing k produced a ﬁrst minimum in the root mean square error
of the difference between the predicted and observed values for the
training set samples. Model performance was tested by leave-one-
out cross-validation. The root mean square error of prediction (RMSEP)
and the coefﬁcient of determination (r2) are ±1.63°C (78 mm) and
0.71 (0.54) for WAPLS and ±1.35°C (77 mm) and 0.80 (0.54) for MAT,
respectively, and thus indicate that the modern data set is suitable
for quantitative reconstructions. Calibrations were performed using C2
software (Juggins, 2003).
Results
Modern limnology
The oligotrophic Trout Lake is very weakly alkaline (pH 7.4 to 7.9)
and its dissolved oxygen content is high (>20 mg/l). The lake water
has a low electrical conductivity, between 82 μS cm−1 in August and
138 μS/cm in April (Table 2). With δ18O values of approximately −
17‰ and a deuterium excess (d-excess=δD−8δ18O) that ranges
from −5.8‰ in April to −7.4‰ in August, the hydrological system is
semi-closed; evaporation effects lead to enriched δ-values anda reduced
d-excess compared to modern precipitation data derived from Inuvik
(68°18'N, 133°37′W; IAEA, 2006), which is located about 150 km east
of Trout Lake.
Chronostratigraphy and sediment properties
The age–depth model was constructed by linear interpolation be-
tween the oldest three dates because these dates fall within an
overlapping and narrow age range (Table 1). Age extrapolation to the
bottomof the sediment corewas done accordingly. A squared regression
model was used between the youngest four dated samples. Transferring
the established age–depth relationship onto the lithostratigraphic units
(Fig. 3), which are described in detail in the following, yields four
chronostratigraphic periods (Fig. 3) that are discussed in the course of
this study.We do not consider an appreciable hardwater reservoir effect
because carbonates are absent in Trout Lake sediments and its catch-
ment rocks (Norris, 1977). Moreover, the low electrical conductivity of
the lake water and the lake's physical characteristics (i.e., small, mixed,
and with an existing outﬂow) probably lead to a short water-residence
time, where hardwater effects are unlikely to exist (e.g., Abbott and
Stafford, 1996; Fallu et al., 2004).
Basement (>16 cal ka BP; 405–386 cm)
The lowermost 20 cm of the core are composed of bedrock debris.
Black shale and siltstone, typical of the Jurassic catchment rocks, showed
shattered structures due to the coring process. Geochemical parameters
measured within ground bedrock samples serve as background values
for interpreting soft sediment values and their relationship to primary
production within the lake or its catchment versus bedrock-derived
components. The bedrock contains 1.6 to 2.0% TOCwith a δ13C signature
of−24.2‰, moderate inorganic carbon (0.1 to 1.5%), and high sulphur
contents (0.4 to 8.7%) leading to low C/S ratios (0.2 to 5.3; Fig. 3). Bed-
rock debris together with overlying coarse-grained material of unit 1
was mapped as a reﬂector in the GPR data (Fig. 2c) and provides insight
into the basinmorphology. This unit represents the bottom of the basin;
therefore, we document the complete sediment record since the onset
of sediment accumulation in the basin.
Unit 1 (16.0 to 14.8 cal ka BP; 385–225 cm)
Black unbedded sand, gravel, and minor amounts of silt and clay
make up this unit that covers the latest part of the full-glacial period.
Sedimentological properties are homogenous throughout the entire
unit and are comparable to the background values of the underlying
bedrock in terms of TOC, δ13C, and C/S ratios, and therefore imply
low organic-matter production or preservation. At 381–366 cm and
347–330 cm greenish-gray silty clay lenses were visible. In both inter-
vals the clay lenses can be recognized by a clay peak in the grain-size di-
agram and a MSminimum (Fig. 3). The MS varies between 13 and 68 SI
and the grain-size spectrum is dominated by a high and variable sand
content (up to 81%) with gravel admixtures. This together indicates a
frequently changing depositional environment during the rapid deposi-
tion of the lowermost 160 cmof sediment in a ﬂuvial environment, or at
least in a basin episodically traversed by running water. From 231 cm
upwards, unit 1 grades into ﬁne-clastic and compact material of unit 2.
Unit 2 (14.7 to 10.7 ka; 224–150 cm)
Unit 2 encompasses the period of the late glacial–Holocene transi-
tion. The material is silty and clastic-dominated at the bottom. It be-
comes slightly ﬁner grained and more organic-rich upward, where
compact and massive clayey silt with some sand is encountered. Par-
allel bedding structures are visible in the upper part, and several moss
and organic-rich layers are intercalated at 180–176, 172–171, and
160 cm. Sediments at the top of unit 2 are clayey, black, structureless,
sticky, and greasy, and with a gradational contact with unit 3. Water
content rises sharply by 15% at the transition between units 1 and
2, where most sedimentological parameters including sedimentation
rate change strongly. MS decreases to minimal values of 4 SI before it
rises again with secondary minima at organic-rich layers. TOC is con-
sistently present above 3.5%withmaximumvalues of ca. 8%wheremoss
layers occur. Low C/N ratios (10 to 12) together with low C/S ratios (due
to high sulfur contents, up to 3.7%) and a δ13C below −25‰ (Fig. 3),
which is typical of terrestrial organic matter input, could point towards
a preferential loss of organic carbon due to strong organic-matter de-
composition. At organic-rich layers, MS drops; moisture, TOC, and C/N
ratios peak (Fig. 3), with concurrent minima in δ13C (−28 to −27‰).
This is typical of a dominance of terrestrial C3 plants (Meyers, 1994).
The sedimentary record between 14.7 and 10.7 cal ka BP is char-
acterized by episodically changing sedimentological parameters, and
therefore indicates several shifts in the driving forces of deposition
and organic-matter accumulation. In contrast to unit 1, which is attrib-
uted to full-glacial conditions with a dominance of grain-size variability
and high noise in the data, the variability within unit 2 is instead driven
by changes in the biogeochemical parameters of Trout Lake and is pos-
sible related to climate forcing and ﬂuctuating lake levels.
Table 2
Modern limnological, hydrochemical, and stable water isotope characteristics from
Trout Lake, northern Yukon.
Parameter Unit August 2008 April 2009
Max water depth m 10.2
Surface water temperature °C 11.0 0.7
Bottom water temperature °C 11.1 2.8
O2 mg/L n.a. 21.9
pH 7.4 7.9
Electrical conductivity μS/cm 82.1 138
Ca2+ mg/L 9.65 15.3
K+ mg/L 0.69 1.12
Mg2+ mg/L 3.40 5.19
Na+ mg/L 1.11 1.74
Cl− mg/L 0.67 1.17
SO42− mg/L 16.8 27.2
HCO3− mg/L 24.9 37.8
δ18O ‰ VSMOW −17.0 −17.7
δD ‰ VSMOW −144 −147
d-excess ‰ VSMOW −7.4 −5.8
Note:
Cation and anion contents were determined by inductively coupled plasma–optical
emission spectrometry (ICP–OES, Perkin-Elmer Optima 3000 XL) and ion chromatogra-
phy (IC, Dionex DX-320), respectively. Hydrogen carbonate concentrations were mea-
sured by titration (Metrohm 794 Basic Titrino). δ18O and δD ratios were determined
with a Finnigan MAT Delta-S mass spectrometer, using the equilibration technique
(Horita et al., 1989). Deuterium excess (d-excess=δD−8δ18O; Dansgaard, 1964)
was calculated and provides insight into (i) the water source of the initial precipitation,
and (ii) the presence or absence of secondary non-equilibrium fractionation processes.
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Unit 3 (10.6 cal ka BP to present; 149–0 cm)
Deposits fromunit 3 represent the entire Holocene and appear black,
structureless, water-saturated (46 to 59% water content), and very soft.
Most sedimentological properties are almost homogeneous throughout
this segment (Fig. 3) as indicated by a constant lowMS (0 to 9 SI). Very
ﬁned-grained and clayey to silty deposits with usually less than 5% sand
dominate, although single scattered clasts up to 0.5 cm in diameter are
present at 58 and54 cm. These clasts are perhaps due to eoliandispersal
of lake-proximal sediments on the ice during winter and are deposited
on the lake ﬂoor during ice melt. Thin organic-rich layers are visible at
135, 128, 111.5, 91, 87, 83, and 67 cm. A thin layer of peat moss covers
the sediment surface. Carbonate shells are absent throughout the core
except for one small fragment found at 142 cm. Values of inorganic
carbon, calculated as the difference between measured TC and TOC,
never exceed 0.4%. Therefore, lake sediments are regarded as largely
carbonate-free. TOC is only present at less than 2% above the back-
ground value of the underlying bedrock, and shows a terrestrial C3 car-
bon isotopic signature of−26.6 to−24.7‰ for δ13C. Low C/N ratios rise
slightly, togetherwith TOC contents, towards the surface (Fig. 3), and in-
dicate strong decomposition of organic carbon and nitrogen ﬁxation.
Sedimentation rates were very low during the Holocene
(≤0.17 mm/yr) and partly explain the lack of variability in biogeo-
chemical parameters. Well-aerated surface deposits exposed for a
long time due to slow sedimentation rates in oxygen-rich lake water
may lead to nearly complete oxidation of organic matter and unfavor-
able conditions for carbonate preservation in ion-poor lake water
(e.g., HCO3− depleted). Based on the homogeneity of sediment proper-
ties throughout the Holocene, we infer few changes in sediment input,
sedimentation rate, or lake level; however, any such changes might
be concealed because the sampling resolution, especially throughout
the Holocene, is rather low, with a 300-to-400 year inter-sample
resolution.
Pollen
Pollen zonation
The Trout Lake pollen percentage diagram is divided into four pol-
len zones (PZ) based on the information from CONISS (Fig. 4).
PZ 1 (16 to 15.1 cal ka BP): the pollen assemblages prior to
~15 cal ka BP indicates a dry herbaceous tundra as they are dominat-
ed by Poaceae (>37%), Artemisia (~17%), and Cyperaceae (5 to 9%),
high percentages of Brassicaceae (~4.5%), and increasing values of
Betula (10 to 24%) towards zone 2. PZ 1 exhibits the lowest pollen
concentration, and low percentages of arboreal pollen, aquatic taxa,
and spores.
PZ 2 (15.0 to 10.7 cal ka BP): In this zone Betula rises sharply,
reaching maximum values of >70% between ~14.0 and 12.9 cal ka BP.
Salix is consistently present above 5%while Cyperaceae slightly increases
(8 to 20%) and Poaceae drops to less than 15%. Taxa that indicate dis-
turbed ground or dry edaphic conditions such as Artemisia, Brassicaceae,
Asteraceae, Ranunculaceae, and Saxifragaceae are consistently present.
A notable drop in Betula percentages with a parallel increase in Poaceae
and Cyperaceae characterizes PZ 2 between 12.6 and 11.5 cal ka BP,
which may be coeval with the YD stadial (Fig. 4). By the end of PZ 2 to-
wards the early Holocene at ~11.2 cal ka BP Populus occurs for the ﬁrst
time, although in small amounts.
PZ 3 (10.6 to 5.0 cal ka BP): Betula is still dominant with secondary
inﬂuences of Cyperaceae, Salix, Ericaceae, and spores of Sellaginella
and Sphagnum. Populus reaches its maximum of slightly more than 5%
and slowly decreases afterwards. Picea starts to occur at frequencies
>1% at 9.8 cal ka BP and exhibits constant values above 4% after
8.9 cal ka BP, but never exceeds 7% throughout the record. Towards
the end of zone 3 Alnus occurs for the ﬁrst time with values above 5%
at ~7.3 cal ka BP, followed by a rapid increase.
PZ 4 (4.9 cal ka BP to present): In this zone Betula and Salix de-
crease until ~4 cal ka BP and then remain constant at about 25 to 30%
and around 1%, respectively. Alnus becomes dominant by ~5 cal ka BP,
reaching maximum values of around 50% after 4.3 cal ka BP. Ericaceae
show a minor maximum in the past 3.0 cal ka BP. Isoetes spores begin
to occur in PZ 3 at ~5.3 cal ka BP and remain the dominant aquatic
taxon until present.
Principal component analysis, temperature and precipitation
reconstruction
The ﬁrst two axes of the PCA explain 86.7% of the variation in the
pollen data (Fig. 5a). The length of a vector in the biplot indicates how
strongly the variable is related to the displayed ordination (ter Braak
and Šmilauer, 2002). Hence, Alnus, Isoetes, Picea, and Ericaceae are
positively correlated with the ﬁrst axis in descending order of correla-
tion, whereas Salix, Artemisia, and Ranunculaceae are negatively corre-
lated. Taxa positively correlated with PCA axis 2 include Poaceae and
Artemisia, whereas Betula, Cyperaceae, and Sphagnum are negatively
Figure 3. Summary plot of age–depth relationship and lithological, sedimentological, and biogeochemical parameters from Trout Lake, northern Yukon. Linear interpolation (y=
0.158x−2136.434) between the lowermost three dates and a second order polynomial (y=2.536 10−7x2+0.012x−5.499) between the uppermost dated samples was applied (see
also Table 1).
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correlated, and variations of Populus are poorly represented in the plot.
The separation of species into distinct groups in the PCA ordination
relates to species-speciﬁc ecological preferences, most probably related
to edaphic conditions and climate.
Sample scores on the ﬁrst axis are negative until ~7 cal ka BP and
showa generally increasing trend from16.0 cal ka BPuntil 3.6 cal ka BP
(Fig. 5b). Scores remain above unity after 4.3 cal ka BP. Sample scores
on PCA axis 2 decrease from maximum values at 16.0 cal ka BP until
~13 cal ka BP and show a similar trend as sample scores on the ﬁrst
axis since ~10 cal ka BP. This is in contrast to the period between ~14
and 11 cal ka BP, when sample scores on both axes run contrary to
one another (Fig. 5b). Mean summer insolation (July, 60°N; Laskar
et al., 2004) since 16 cal ka BP as well as non-pollen palynomorphs
(i.e., Sphagnum and Isoetes spores) and TOC are plotted in the PCA as
inactive (Fig. 5a) in order to enable qualitative assumptions about the
relationship of regional vegetation response on changing supraregional
environmental parameters represented by the supplement. In this
context, summer insolation serves as a proxy for orbitally controlled
summer temperature variations (Huntley and Prentice, 1988; Huybers,
2006). Summer insolation is slightly negatively correlated to the second
axis. Sphagnum and Isoetes spores are positively related to the ﬁrst axis;
TOC is insigniﬁcant.
Pollen-inferred TJul were lowest during the late glacial between
16.0 and 13.7 cal ka BP but then ameliorated rapidly towards modern
temperature conditions (Fig. 6). Results of both applied reconstruc-
tion methods indicate a sudden decrease in TJul of 1.5°C between 12.9
and 11.2 cal ka BP, followed by an increase to near-modern values at
7 cal ka BP. TJul has remained stable during the past 4.3 cal ka BP. Re-
sults based on WAPLS are similar to those based on MAT; however,
the absolute reconstructed temperature range is larger (WAPLS: 5.8
Figure 4. Pollen percentage diagram from Trout Lake, northern Yukon. Other non-arboreal pollen (NAP) comprise Potentilla, Laminaceae, Papaveraceae, Fabaceae, Epilobum,
Thalictrum, Caryophyllaceae, Chenopodiaceae, Rubus, Apiaceae, and Polygonum. Other spores and aquatics comprise Pteridium, Potamogeton, Myrriophyllum, Equisetum, Bryidae,
Pediastrum, and Botryococcus. Note varying exaggeration factors for selected taxa.
Figure 5. Summary of principal component analysis (PCA). (a) PCA biplot for pollen data. Inactive supplementary parameters (July insolation, TOC, Sphagnum, Isoetes) are shown in
grey. Symbols are keyed to the Pollen Zones (PZs); see also Fig. 4. (b) Time series of sample scores for PCA axes 1 and 2 from Trout Lake, northern Yukon.
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to 11.5°C; MAT: 6.4 to 10.9°C). The temperature increase at the late
glacial–Holocene transition is more pronounced in the applied WAPLS,
whereas the MAT shows a more pronounced early Holocene warming
between 11.2 and 8.9 cal ka BP with relatively stable conditions until
today in both reconstructions (Fig. 6).
Reconstructed annual precipitation (Pann) ranges between 89 and
263 mmwith values consistently below 200 mmduring the late glacial
between 16.0 and 11.0 cal ka BP. Both applied transfer functions show
lowor evenminimal precipitation between 12.9 and 11.5 cal ka BP and
an increase during the early Holocene, however with still lower values
than during the last ~5 ka. Based on MAT, precipitation was always
greater than200 mmsince 5.3 cal ka BP and remained relatively stable.
The precipitation record based on WAPLS is more variable and both
transfer functions do not always parallel the temperature reconstruc-
tion, especially during the early and middle Holocene.
Discussion
Formation and development of Trout Lake in ice-marginal eastern
Beringia
Lake sediment accumulation in Trout Lake began around 16 cal ka BP
during the waning stages of the late Wisconsin glaciation. Welsh and
Rigby (1971) recognized that lakes are uncommon along the unglaciated
parts of the YCP and in the adjacent foothills of the British Mountains.
One exception is Trout Lake that may have formed as a plunge-pool
lake in the ancient surface of the Babbage River drainage (Welsh and
Rigby, 1971). The BabbageRiver is entrenched20 to 30 mbelow theped-
iment surface on Jurassic shale near Trout Lake with four distinct river
terraces; the uppermost terrace is well above the proximate (eastern)
lake shore and the current lake level.
Late glacial drainage diversion—initial sedimentation
The initial lake sedimentation at 16 cal ka BP was characterized
by rapid input of sand with admixtures of clay, silt, and gravel of
local provenance as indicated by the predominance of black shale
particles. Rapid grain-size alternations with silty interbeds and inter-
calated clay lenses suggest frequently changingwater volumes andﬂow
velocities. Bioproductivity and organic-matter input were low due to
harsh climate conditions and sparse vegetation in the lake catchment.
Depositional conditions during the waning stages of the full glacial
were directly inﬂuenced by the proximity of the LIS, which crossed
the Babbage River valley northeast of Trout Lake and that remained
close to its northwestern limit until 15 to 14 cal ka BP (Dyke and
Prest, 1987; Dyke et al., 2002, 2003; Fig. 1b). The LISmost likely blocked
direct northern drainage into the Beaufort Sea, resulting in a drainage
diversion that forced LIS meltwater and local drainage southward up
the Babbage River and its conﬂuences. Similarly, in the central Yukon,
the LIS impounded the eastward drainage of the paleo-Porcupine River
at McDougal Pass (e.g., Duk-Rodkin and Hughes, 1994) and caused
westward drainage diversion into the Yukon River (e.g., Duk-Rodkin
et al., 2004). The southern slopes of the British Mountains all belonged
to the paleo-Porcupine watershed (Duk-Rodkin and Hughes, 1995);
therefore, the Babbage River and its tributaries likely served as the
major proglacial drainage path to the north along the oscillating LISmar-
gin during the latest part of the full glacial. Dyke and Prest (1987) in-
ferred asynchronous ice retreat for the northwest LIS margin that
remained close to its limits until ~15 14C ka BP while Murton et al.
(2007) argued, on the basis of a series of optically stimulated lumines-
cence ages, that deglaciation on Tuktoyaktuk Peninsula commenced
between 16 and 14 ka ago. This line of evidence provides reasonable
support for the hypothesis that with the onset of substantial ice-margin
recession, episodic spillovers may have entered the Trout Lake basin at
its southeastern end via a narrow valley incised into the uppermost
Babbage River terrace and might also have ﬁlled the nearby smaller
lakes (Figs. 1b and 2b).
Stabilizing lake environment
Beginning with the B/A interstadial (~14.7 to 13.0 cal ka BP), Trout
Lake was a permanently water-ﬁlled basin with variable inputs of
clay-, silt-, and sand-sized material. Coarser particles were probably
wind-driven or derive from spring snowmelt from incompletely
vegetated slopes. We observed eolian transport of clasts up to 1.5 cm
in diameter onto the Trout Lake ice was observed during a major wind-
storm in April 2009. Low C/S ratios point towards anoxic bottom water
conditions in a shallow water body with still short ice-free periods
under mats of plant detritus or algae, which inhibited surface sediment
aeration. On millennial time scales, sedimentation history at Trout Lake
is stable throughout the Holocene and is decoupled from the timing of
vegetation succession as inferred from palynological results. The domi-
nance of ﬁne-grained deposits and low TOC contents suggest high lake
levels, densely vegetated slopes that prevent mass-wasting events and
low primary production in combination with low preservation capabili-
ty of organic matter in an oligotrophic and well-aerated lake.
Figure 6. Summary plot of temperature and precipitation reconstructions, total organic carbon (TOC) of lake sediments, and selected pollen percentages (Poaceae, Betula) from
Trout Lake compared with the oxygen isotope curve from GISP2 ice core (Greenland, 72°35′N, 38°28′W; Grootes and Stuiver, 1997) andmean summer insolation (July, 60°N; Laskar
et al., 2004) of the last 16 cal ka BP. Reconstructed mean July air temperatures (TJul) and annual precipitation (Pann) are based on pollen using weighted averaging partial least
squares regression (WAPLS) transfer function and the modern analogue technique (MAT). The root mean square errors of prediction are shown as horizontal lines. Vertical lines
represent modern mean July air temperature and annual precipitation (11.2°C, 254 mm) at Shingle Point (Environment Canada, 2000).
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Environmental change during the late glacial–Holocene transition
(~16 to 11.6 cal ka BP)
Latest full glacial
During the latest part of the full glacial (16.0 to 14.7 cal ka BP), a
sparse vegetation, predominantly characterized as herb-dominated
tundra, with communities indicating dry conditions and disturbed
ground (Poaceae, Artemisia, Brassicaceae) together with low pollen
concentration (PZ 1), covered the ground in the direct vicinity of the
Trout Lake basin. Inferred TJul of 6 to 7°C are the coldest of the whole
record and the reconstructed Pann is 50 to 120 mm lower than today
(Fig. 6). This is in good agreement with signiﬁcantly lower-than-
modern chironomid-inferred TJul from Hanging Lake (Kurek et al.,
2009) and up to 4°C cooler-than-modern TJul which lasted until
~15 cal ka BP based on a pollen-derived quantitative reconstruction
using the MAT across eastern Beringia (Viau et al., 2008).
Bølling/Allerød
The abrupt climatewarming during the B/A (~14.7 to 13 cal ka BP) is
well-recorded in the GISP2 ice-core record from central Greenland and
matches the Trout Lake record (Fig. 6),where herbal taxa decline,where-
as Betula and Salix percentages rise rapidly in the pollen record. We
therefore infer a rapid change from herbaceous tundra to Betula-Salix
shrub tundra and increased vegetation coverage indicated by increasing
pollen concentrations. High pollen concentrations between ~14 and
11 cal ka BP might also be related to a greater proximity of the coring
site to the lake margin as a result of shallower water conditions and
a smaller lake size.
TJul increased by about 3°C in eastern Beringia (Viau et al., 2008;
Bunbury and Gajewski, 2009) most probably as a result of rising
summer insolation, the retreating LIS front (Dyke and Prest, 1987;
Dyke et al., 2002), and the still ~50 to 90 m lower (than present day)
glacio-eustatic sea level of the Beaufort and Chukchi seas (Hill et al.,
1985; Keigwin et al., 2006). The LIS extent was probably still large
enough to maintain an anticyclonic inﬂuence in eastern Beringia, espe-
cially under sustained split jet stream conditions (Bartlein et al., 1991),
which, together with large exposed shelf areas and an almost perma-
nent sea-ice cover (Scott et al., 2009), would enhance continentality.
Similar to the Hanging Lake record (Kurek et al., 2009), TJul at Trout
Lake rose during the B/A up to near-modern values, or are at least with-
in the range of modern summer temperatures, taking into account a
RMSEP of ~1.5°C. Sediments show a concurrent increase in TOC content,
probably due to increased vegetation cover in the catchment, low lake
level, and dry climate conditions favoring organic matter preservation.
Younger Dryas
The temperature rise of the B/A interstadial at Trout Lake reverses
abruptly at 12.9 cal ka BP (Fig. 6), which is coeval with the onset of
the YD stadial in the GISP2 record (Grootes and Stuiver, 1997). TJul
dropped by about 1.5°C compared to the B/A interstadial and the subse-
quent Preboreal (PB) to early Holocene and were roughly 2.5 to 3.0°C
below modern conditions (Fig. 6). Cold- and dry-adapted non-arboreal
pollen taxa (Poaceae, Ranunculaceae, Rumex, Asteraceae, Artemisia)
brieﬂy increase concurrentlywith a drop in pollen concentrationmainly
caused by decreasing Betula input. A similar increase of Artemisia, which
is indicative of a cold and dry climate, is documented during the YD
in records from the southern Yukon (Cwynar, 1988; Bunbury and
Gajewski, 2009). Sustained dryness at Trout Lake during the YD is
supported by an inferred Pann as low as 90 mm (Fig. 6). Evidence for
a YD stadial is known from lake sediments in southern and western
Alaska (Engstrom et al., 1990; Abbott et al., 2000; Bigelow and Edwards,
2001; Hu et al., 2002, 2006; Mann et al., 2002) with the strongest
impact on coastal sites close to the Paciﬁc (Mikolajewicz et al., 1997;
Kokorowski et al., 2008). In addition, ice wedges (Meyer et al., 2010)
and fossil beetle assemblages (Elias, 2000) from northern Alaska have
recorded a large-scale cooling of winter and summer temperatures,
respectively, between 12.8 and 11.5 cal ka BP. In eastern Beringia,
Viau et al. (2008) and Bunbury and Gajewski (2009) reconstructed
a spatially robust temperature decrease during the YD, whereas the
Hanging Lake record does not show major temperature variations
during the past 15 cal ka BP except for a neoglacial cooling (Kurek
et al., 2009).
Environmental development since the early Holocene (11.5 cal ka BP to
present)
Early Holocene (thermal maximum?)
A summer insolation maximum during the early Holocene in com-
bination with a further retreat of the Laurentide Ice Sheet (LIS) led to
a warmer-than-modern period across the western Arctic known as
the Holocene thermal maximum (HTM), with maximum summer
warmth in eastern Beringia between ca. 11 and 9 cal ka BP (Ritchie
et al., 1983; Kaufman et al., 2004). Pollen and plant macrofossil evidence
(Picea and Populus) up to 75 to 100 kmnorth of its present range indicate
substantially warmer conditions than today (Cwynar, 1982; Ritchie,
1984; Nelson and Carter, 1987; Anderson, 1988; Vermaire and Cwynar,
2010). Although Populus pollen occur brieﬂy in the Trout Lake record,
the early Holocene TJul reconstructed by bothWAPLS andMAT approach
modern values (within the range of error) but do not exceed modern
summer temperatures. A similar result emerges from Viau et al. (2008)
for temperature reconstructions across eastern Beringia. Nevertheless,
we have to take into account that vegetation is not solely linked to sum-
mer temperature but also to available moisture. The missing HTM in the
Trout Lake temperature record might be explained by sustained low net
precipitation in combination with increased evaporation during the
warming of the early Holocene. Moisture availability probably remained
low until ~8 cal ka BP as reported by Pienitz et al. (2000) for the central
Yukon, and did not reach modern conditions before 5 to 4 cal ka BP
(Anderson et al., 2005; Bunbury and Gajewski, 2009). Similar results
emerge from the Trout Lake record with Pann values consistently below
modern (Fig. 6). We therefore infer that a moisture-limited spread
of vegetation (Cwynar, 1988) dampened the reconstructed summer
temperature signal and thereby obscured the Arctic-wide HTM in our
pollen record.
Holocene moisture pattern and migration of key taxa (Picea, Alnus)
MAT inferred Pann increases from the end of the YD until
~5.0 cal ka BP and agrees with simultaneously rising Alnus, Picea,
Sphagnum, Ericaceae, and Isoetes percentages. These taxa are positively
correlated to PCA axis 1 (Fig. 5) and are known to reﬂect increased
moisture (e.g., Cwynar, 1988; Cwynar and Spear, 1995; Szeicz et al.,
1995; Lacourse and Gajewski, 2000). Alnus-Betula shrub tundra with
wet heath communities (Ericaceae, Cyperaceae, Sphagnum) covers the
landscape around Trout Lake since ~5 cal ka BP (PZ 4, Fig. 4) indicating
stable and near-modernmoisture and temperature conditions on amil-
lennial time scale. Picea, a frequently studied example in terms of
tree-linemigration in thewestern Arctic, has been permanently present
in the Yukon and the adjacent Northwest Territories (NWT) since
~11 cal ka BP (e.g., Ritchie, 1984; Wang and Geurts, 1991; Vermaire
and Cwynar, 2010). Picea has likely grown at a stable distance from
Trout Lake since 9 cal ka BP but never in direct vicinity because Picea
pollen percentages remain consistently low (≤6%). Picea likely survived
the LGM in eastern Beringia (Brubaker et al., 2005; Anderson et al.,
2006), spread undirected, and arrived almost simultaneously in south-
western Alaska, the Yukon, and the Tuktoyaktuk Peninsula (NWT)
(e.g., Ritchie, 1984; Wang and Geurts, 1991; Brubaker et al., 2005).
With a further lag of ~1000 years, Alnus entered the northern
Yukon by ~8 cal ka BP, as supported by the Hanging Lake pollen re-
cord (Cwynar, 1982), although its presence has been demonstrated
in the southern Yukon since ~14 cal ka BP (Lacourse and Gajewski,
2000) and Alnus likely survived the LGM in eastern Beringian refugia
(Brubaker et al., 2005). Alnus is believed to have been growing near
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Trout Lake by ~7 cal ka BP, and it has been the dominant pollen pro-
ducer since ~5 cal ka BP. Picea, Alnus, and Ericaceae together with
Sphagnum and Isoetes spores indicate substantially increasing moisture
availability since themiddle Holocene. Slowly decreasing temperatures
since the termination of the HTM (Ritchie, 1984; Kaufman et al., 2004)
in combination with increasing Pann may have led to paludiﬁcation
and a higher water table, also in response to increased permafrost ag-
gradation that culminated in the middle Holocene (Cwynar and Spear,
1995; Vardy et al., 1997). Declining Beaufort Sea sea-ice coverage
since ~9 cal ka BP (Schell et al., 2008) in combination with a rising
glacio-eustatic sea level approaching the modern coastline are likely
to have allowed enhanced moisture supply to the northern Yukon in
summer. The area became increasingly proximate to an oceanic mois-
ture source, and thus evolved from a continental site during the late gla-
cial and early Holocene into a maritime environment (Burn, 1997;
Kaufman et al., 2004; Fritz et al., 2012).
Comparison of the two existing paleoenvironmental records from Trout
Lake
The midge-inferred temperature reconstructions based on lake
sediments from Trout Lake by Irvine et al. (2012) provide excellent
control for our record and an important opportunity for comparisons
from a data-poor region. Both chronologies ﬁt very well and the two
quantitative paleoclimate reconstructions based on independent proxy
data (chironomids in Irvine et al., 2012; pollen in this study) allows to
conclude the following: (1) Bothmean TJul records indicate signiﬁcantly
colder-than-modern climate conditions during the latest part of the full
glacial. (2) Late glacial warming with similar temperature amplitudes
andmagnitudes, as shown in both records, began around 14.4 cal ka BP.
(3) A temperature minimum occurred during a period that is coeval
with the Younger Dryas stadial, with similar temperature amplitudes
between 1.0 and 1.5°C. Notably, Irvine et al. (2012) do not see a vegeta-
tion response to YD cooling in their pollen spectrum, though they recog-
nize a decrease in pollen inﬂux and infer reduced productivity on the
landscape. In contrast, our pollen spectrum clearly shows an increase
in cold- and dry-adapted non-arboreal pollen taxa and a decrease
in Betula during the same interval. (4) Chironomid-inferred summer
temperatures reveal a period of consistently warmer-than-modern
conditions from about 10.8 to 9.8 cal ka BP, representing the Holocene
thermal maximum, with maximum temperatures of 12.6°C, about
2.2°C above modern (Irvine et al., 2012). The pollen spectra from both
studies and our pollen-derived temperature reconstructions, however,
do not clearly show a vegetation response to early Holocene warming,
except for a brief increase in Populus pollen. This once more highlights
the importance of precipitation when considering a vegetation response
to climate change. Based on our precipitation reconstructions,we suggest
that vegetation was unable to respond adequately to an early Holocene
thermalmaximumbecause of limitedmoisture availability.We conclude
that the combined perception of the results presented in both studies
provide excellent and independent control on the paleoclimate develop-
ment in the northern Yukon Territory.
Conclusions
Sedimentological and palynological studies together with multivar-
iate statistics provide a detailed view on the sedimentation, vegetation,
and temperature history from the northern Yukon Territory during the
past ~16 cal ka BP. Using this approach, we discovered the following:
1. As ﬁnal deglaciation of the northwestern margin of the LIS com-
menced, drainage diversion caused spillover of glacial meltwater
to feed the bedrock basins close to the Babbage River and initiated
lake sedimentation in unglaciated northeastern Beringia.
2. Quantitative July air temperature reconstructions indicate a rapid
climate warming by ~4°C, from cold full-glacial conditions towards
the B/A interstadial, followed by a distinct YD stadial, which had
not previously been reported for the northern Yukon.
3. The YD in continental easternmost Beringia was characterized by
~2.5 to 3.0°C lower-than-modern July air temperatures and low
annual net precipitation of 90 to 170 mm.
4. Limitedmoisture availability in the northern Yukon during increasing
temperatures across the western Arctic in the early Holocene may
have been responsible for a concealedHTM.Amiddle to lateHolocene
moisture increase throughout eastern Beringia with near-modern
temperatures andprecipitation supported theestablishmentof an ex-
tensive alder/birch shrub tundra north of the current arctic tree line.
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